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Abstract. The recent El Nino-La Nina cycle exhibited striking patterns of current
and salinity variability in the upper equatorial Pacific Ocean. This evolution is
described from mid-1996 through 1998 using a remarkable data set of 35 meridional
conductivity-temperature-depth (CTD)/acoustic Doppler current profiler (ADCP)
sections along with buoy data. The sections, nominally from 8°S to 8°N between
165°E and 95°W, were occupied over the course of 27 months. A wide range of
current variability was sampled with currents that appeared or disappeared some
time during the cycle, including an equatorially trapped eastward surface current,
the Equatorial Undercurrent, the northern branch of the South Equatorial Current,
and the North Equatorial Countercurrent. Basin-wide, interannual changes in
upper ocean and pycnocline zonal transports were as large as 64 + 32 x 10% m3
s~!. Changes in the salinity structure included a deep and fresh mixed layer in the
central equatorial Pacific that built up during the El Nifio and was then disrupted by
upwelled salty water with the onset of La Nifia, a very fresh mixed layer observed in
the eastern equatorial Pacific late in the El Nino, and a reduction in the strength of
the meridional equatorial salinity gradient within the pycnocline to one third of the
usual value during the El Nino. Finally, the zonal transports above the thermocline
from 5°S to 5°N were well correlated with the rate of change of warm-water volume

west of the individual CTD/ADCP sections.

1. Introduction

The 1997-1998 El Nifio was by many measures the
strongest on record. Because of the presence of the El
Niflo-Southern Oscillation (ENSO) Observing System
[McPhaden et al., 1998], this El Nifio and the sub-
sequent La Nina were also the best sampled ENSO
events. A major component of the ENSO Observ-
ing System is the Pacific Ocean Tropical Atmosphere-
Ocean (TAO) moored buoy array, data from which have
been used to describe the onset and rapid decay of
this El Nifio [McPhaden, 1999]. Here we study upper
ocean current and salinity changes across the tropical
Pacific associated with the recent El Nifo-La Nifia cy-
cle, primarily using 35 conductivity-temperature-depth
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(CTD) and shipboard acoustic Doppler current profiler
(ADCP) sections routinely occupied from September
1996 through November 1998 from 8°S to 8°N between
165°E and 95°W during TAO mooring cruises.

Studies of upper equatorial Pacific Ocean current and
water mass variability during previous Los Nifios have
been regionally focused. Most studies of the 1982-1983
El Nino current and water mass variability using ship-
board ADCP and CTD data are limited to the central
[Firing et al., 1983] and the eastern [Toole and Borges,
1984; Mangum et al., 1986; Hayes et al., 1987] Pacific.
Similar studies for the 1986-1988 El Nifio-La Nina cycle
are limited to the eastern [McPhaden and Hayes, 1990]
and western [Delcroiz et al., 1992] Pacific. Similar work
on the effects of westerly wind bursts in 1989-1990 fo-
cused on the western and central Pacific [McPhaden et
al., 1992; Kuroda and McPhaden, 1993]. Analyses of
moored data for previous events were also often geo-
graphically limited, for instance, in the eastern Pacific
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for the 1982-1983 El Nifio [Halpern, 1987], in the west-
ern Pacific for the 1986-1987 El Nifio [McPhaden et al.,
1990], and in the central Pacific for the 1991-1993 El
Nifio [Kessler and McPhaden, 1995].

The extensive temporal and spatial coverage of the
data used here allows a basin-wide study that is orga-
nized as follows. The ADCP and CTD data processing
and gridding are documented first. The temporal evo-
lution of zonal velocity and salinity are then described
using vertical meridional sections. TAO buoy data give
the section data a temporal context. Next, zonal vol-
ume fluxes in two layers bounded by potential isopyc-
nals are presented. After this, upper ocean zonal vol-
ume fluxes are compared with warm-water volume bud-
gets derived from TAO buoy data. The paper concludes
by relating the 1997-1998 El Nifio to previous ones.

2. Data

Servicing of the TAO moorings by the National
Oceanic and Atmospheric Administration (NOAA) ship
Ka’tmimoana (and occasionally the NOAA ship Ronald
H. Brown) affords regular occupation of equatorial Pa-
cific Ocean CTD/ADCP sections. Longitude 165°E is
visited once a year, while 180°, 170°W, 155°W, 140°W,
125°W, 110°W, and 95°W are visited twice a year.
CTD stations are nominally taken to 1000 dbar at 1°
latitude intervals from 8°S to 8°N, except at 140°W,
where the nominal latitude range is from 5°S to 9°N.
Station spacing and latitudinal extent vary in practice.
Shipboard ADCP data are collected continuously, start-
ing near 25 m and extending as deep as 450 m.

The ADCP data processing details were as described
by Firing [1992], with the proviso that Ashtech 3DF
global positioning system heading information [King
and Cooper, 1993] was generally available. The NOAA
ship Ka’imimoana was originally equipped with an RD
Instruments (RDI) 150 khz broadband ADCP, but an
RDI 150 khz narrowband ADCP (with which the Ronald
H. Brown was also equipped) was installed in early
1997. The only relevant difference here is that the nar-

rowband instrument has significantly more depth range -

than the broadband; hence ADCP sections from 1996
cruises did not extend as deep as later sections (Plate 1).
ADCP data were typically reduced to 8 m vertical and
300 s temporal resolution, which yields 1.8 km along-
track spatial resolution at a cruising speed of 6 m s~ 1.
Errors in the ADCP velocity measurements were gen-
erally <0.05 m s™!, small compared to the large vari-
ability described here.

All ADCP data were regridded to integer multiples
of 10 m in the vertical and 0.1° in latitude. The CTD
profiles were used to correct ADCP depths for the differ-
ence between nominal and true sound speed. The zonal
velocity data were then objectively mapped [Bretherton
et al., 1976] to 10 m vertical and 0.2° latitude merid-
ional resolution. For the maps a Gaussian covariance
with correlation lengths of 20 m in the vertical and 1°
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latitude in the meridional was used with an error-to-
signal energy of 0.01. The map means were determined
locally as a planar fit weighted using the correlation
lengths and covariance function. The length scales were
estimated from the spatial autocorrelations of the zonal
velocity data, and the error energy was derived from an
estimate of order 0.1 m s~ noise from instrumental un-
certainties, internal waves, and tides superimposed on
the order of 1.0 m s~ signal of the large-scale currents
and planetary waves.

The CTD data were taken with Sea-Bird Electronics
Incorporated 911plus CTDs equipped with dual con-
ductivity and temperature sensors. Data calibration
and processing are documented elsewhere [McTaggart
et al., 1997; McTaggart and Johnson, 1999], so only a
short summary is given here. Temperature and pres-
sure accuracies are 0.002°C and 1 dbar, respectively.
Water samples were typically collected at 12 selected
pressures during each cast. These samples were an-
alyzed on board for salinity using a Guildline Model
8400B inductive salinometer standardized with Interna-
tional Association for Physical Sciences of the Oceans
(TAPSO) standard seawater. CTD salinities, calibrated
using these water sample data, are accurate to 0.003 or
better. (Since salinity is determined as a ratio by the
1978 practical salinity scale (PSS-78), it is only proper
to cite it without units.) Casts extended from the sur-
face to at least 1000 dbar. Final data were processed to
1 dbar vertical resolution.

The nominal 1° latitude CTD station spacing pre-
cluded objectively mapping the CTD data in the same
manner as the ADCP data. To put the CTD data on
the same grid as the ADCP data while interpolating
in potential density coordinates, the following proce-
dures were implemented. Profiles of salinity S, poten-
tial temperature 6, and potential density oy from each
station were smoothed with a 10 dbar half-width Han-
ning filter. The mean mixed layer S, 6, and pressure P
for each station were determined using a oy = 0.05 kg
m~3 increase from the surface value for the mixed layer
criterion. The vertical axis of each station was trans-
formed from a regular P grid to a regular oy grid. The
mixed layer Ps and o grid Ps were linearly interpolated
in latitude to the midpoints between stations for well-
behaved splining. The combined P values were splined
to 0.2° latitude meridional resolution. The station fs
and Ss of the mixed layer and oy grid were linearly in-
terpolated to 0.2° latitude meridional resolution. The
vertical axis for these Ss and 6s was transformed back
to a regular P grid. Mixed layer values of S and 0 were
substituted in this P grid where appropriate. Tempera-
ture and oy were recalculated to remove small inconsis-
tencies due to the series of manipulations. Finally, the
vertical axis was transformed from a P grid to a 10-m
resolution depth grid to match the vertical distribution
of the mapped ADCP data.

Equatorial 20°C isotherm depths and zonal winds
from the TAO buoys place the temporally sparse sec-
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tion data in context. The 20°C isotherm is a proxy for
the equatorial Pacific pycnocline [Kessler, 1990]. On
the equator, 20°C corresponds to g9 = 24.87 4 0.12
kg m™3 (£0.26 kg m~3 between 5°S and 5°N), only
slightly denser than the regional pycnocline core of oy
= 24.25 kg m~3. The standard deviations are due to
regional variations in the mean temperature-salinity re-
lation. Similarly derived root-mean-square pressure dif-
ferences between the 20°C isotherm and oy = 24.87 kg
m~2 are +4 dbar on the equator and +8 dbar between
5°S and 5°N.

In addition to these measures of equatorial condi-
tions, the zonal pressure gradient was computed around
the equator for oy = 25.0 kg m~3. This surface lies close
to the regional pycnocline core and is near the core of
the Equatorial Undercurrent (EUC; Plate 1). When
sufficient subsurface temperature data were available at
a given buoy, the acceleration potential at o9 = 25.0 kg
m~3 was computed relative to 500 dbar using a local
mean 6-S relation from a CTD climatology [Johnson
and McPhaden, 1999]. When equatorial buoy data were
insufficient at a given longitude, the average of the 2°S
and 2°N buoy data were substituted, and when those
substitutions were not possible, either 2°S or 2°N buoy
data were used alone. The equatorial zonal pressure
gradient at o9 = 25.0 kg m 3 was estimated using cen-
tered differences of the acceleration potential values at
buoy longitudes, except at the ends of the array, where
forward differences were applied.

3. Meridional-Vertical Zonal Velocity
and Salinity Sections

Large changes associated with the El Nino-La Nina
cycle were observed in the CTD/ADCP zonal veloc-
ity (Plate 1) and salinity (Plate 2) sections. Over-
simplifying the seasonal cycle into a boreal spring or
warm season (January to June) and a boreal fall or cold
season (July to December), as suggested by equatorial
Pacific sea surface temperature [Reynolds and Smith,
1995], suits the semiannual CTD/ADCP sampling and
our purposes.

Weak La Nifia conditions predominated in boreal fall
1996 (Figure 1). Surface-intensified westward flow was
found about the equator across the basin (Plate 1)
in the northern and southern branches of the South
Equatorial Current (SEC) [Reverdin et al., 1994]. The
surface-intensified - North Equatorial Countercurrent
(NECC) flowed eastward between 4° and 9°N [Wyrtk:
and Kilonsky, 1984]. The EUC shoaled from west to
east with magnitude peaking in the central Pacific [Yu
and McPhaden, 1999]. The subsurface salinity max-
imum of the South Pacific Tropical Water (SPTW)
strengthened to the south and west (Plate 2) [ T'suchiya,
1968; Johnson and McPhaden, 1999]. The strong salin-
ity front within the pycnocline delineated where salty
SPTW and fresh northern waters converged within the
EUC. The isolated salinity maximum advected east-
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ward within the EUC was apparent in the east as
was the surface salinity minimum under the Intertrop-
ical Convergence Zone (ITCZ). The surface meridional
salinity front between the fresh NECC and the salty
northern branch of the SEC was present in the central
Pacific. Observed fields at 140° and 125°W in Septem-
ber 1996 were likely influenced by tropical instability
waves [Halpern et al., 1988; Flament et al., 1996]. In
short, currents and salinity were near normal, as ex-
pected during a weak La Nina.

The onset of El Nifio in boreal spring 1997 resulted in
unusual conditions. Downwelling Kelvin waves (Figure
la) excited by westerly wind bursts (Figure 1b) dur-

ing the El Nifio development [McPhaden, 1999] influ-
enced the February sections at 95° and 110°W and the
April sections at 125° and 140°W. Hence very large
EUC velocities (exceeding 2 m s™! at 125°W) were
sampled (Plate 1), and the isolated salinity maximum
was stronger than normal on the equator from 140°
to 110°W (Plate 2). A weakened EUC from 165°E
to 155°W was consistent with a locally weakened or
nonexistent zonal pressure gradient within the pycno-
cline when those longitudes were surveyed (Figure 2).
The EUC was distinct from near-surface eastward flow
about the equator at these longitudes. This transient
surface current is an intermittent feature of the circu-
lation driven by anomalous westerly equatorial winds
(Figure 1b) and is referred to as the Eastward Equa-
torial Current (EEC), following Delcroiz et al. [1992].
The NECC was unusually strong and south of its nor-
mal position for boreal spring, consistent with changes
expected during a strong El Nifio [Taft and Kessler,
1991]. Eastward flow predominated in the upper water
column, with the SEC found only south of 2°S. An un-
usual tongue of salty water between the mixed layer and
the pycnocline core extended northward from the equa-
tor to 4°-6°N between 165°E and 155°W. Since there
is little zonal salinity gradient in the central equatorial
Pacific, this tongue probably resulted from an extension
of STPW influence northward across the equator as the
pycnocline flattened out during El Nifio [Delcroiz et al.,
1992]. The northward spread was allowed by weakened
geostrophic meridional convergence as illustrated by the
weakened zonal pressure gradient (Figure 2).

The height of El Nifio during boreal fall 1997 pre-
sented more unusual conditions. The NECC was again
unusually strong and south in location (Plate 1). How-
ever, a month of near-normal easterly winds across
much of the equatorial Pacific in July (Figure 1b) re-
sulted in a temporary shoaling of the equatorial pycn-
ocline in August (Figure la). As might be expected,
the northern branch of the SEC and a strong south-
ern branch were evident only in August, along 95° and
110°W. Surface freshening and a deep pycnocline across
the basin suggested an absence of equatorial upwelling,
contrasting strongly with the preceding and following
boreal falls (Plate 2 and Figure 1a). An especially large
freshening occurred about the equator over the warm
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Figure 1. CTD/ADCP section longitude and time (small solid rectangles) superimposed on (a)
contours of 5-day average equatorial 20°C isotherm depth (10 m intervals where solid contours
are deeper than 100 m, dashed contours are shallower than 100 m, contours are thick at 100 m
intervals, and darker shading is farther from 100 m) and (b) contours of 5-day average zonal
winds (2 m s~! intervals where solid contours are westerlies, dashed contours are easterlies, the
zero contour is thick, and darker shading is farther from zero). Both quantities are from the
Tropical Atmosphere-Ocean (TAO) moored buoy array.

pool from 180° to 155°W (<34.0 at 155°W). This fresh-
ening could not have been solely due to eastward ad-
vection [Delcroiz and Picaut, 1998] because water this
fresh was not seen to the west during the previous sea-
son (Plate 2). Thus increased local precipitation dur-
ing the El Nifo is implicated [Ando and McPhaden,
1997]. In addition, some of this fresher water could have
been advected south because of near-surface equatorial
Ekman convergence driven by the anomalous westerly
winds about the equator (Figure 1b). Surface freshen-
ing was also large north of the equator under the ITCZ
at 140° and 125°W. The EUC was quite weak, consis-
tent with the weakening and even reversal of the zonal
pressure gradient in the pycnocline (Figure 2), and a
complex zonal current structure was evident near the
equator from 180° to 140°W. The weak EUC and an
EEC were separated by reduced eastward flow and even

some westward flow, especially at 155°W. This upper
ocean structure was probably a transient ocean response
to westerly wind bursts (Figure 1b), similar to revers-
ing jets sometimes observed farther west [McPhaden et
al., 1992; Cronin et al., 2000]. Over the same longi-
tudes the equatorial salinity front within the pycno-
cline was much weaker than boreal fall 1996, with a
tongue of salty SPTW between the mixed layer and
the pycnocline core extending as far as 6°N. Between
180° and 155°W the meridional salinity gradient from
1°S to 1°N on o = 25 kg m~2 was reduced to one
third of its value for the previous and following sea-
sons. These features were again likely due to reduced
equatorward geostrophic convergence [Delcroiz et al.,
1992]. In fact, the zonal pressure gradient reversal even
suggested some poleward geostrophic divergence within
the pycnocline at times during this El Nifio (Figure 2).
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Plate 1. Meridional-vertical sections of acoustic Doppler current profiler (ADCP) zonal velocity
(U; at 0.2 m s~ intervals; color bar) with potential isopycnals (og; at 1 kg m~3 intervals lighter

than 26 kg m~3 and 0.25 kg m~2 intervals denser than 26 kg m~3; white). Longitudes are columns,
and seasons are rows. Conductivity-temperature-depth (CTD) station locations (triangles) vary.
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Plate 1. (Continued)
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Plate 2. As in Plate 1 but for meridional-vertical sections of CTD salinity (S; at 0.2 intervals,
color bar) with potential isopycnals (og, white).
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Figure 2. CTD/ADCP section longitude and time
(small solid rectangles) superimposed on contours of
equatorial zonal pressure gradient on oy = 25.0 kg m~3
relative to 500 dbar (contours at 0, +1, +2, +4, and +8
x 104 N m~3, where dashed contours are negative, the
zero contour is thick, and darker shading is farther from
zero). The quantity is derived from the TAO moored
buoy array and local mean 6- S relations from a CTD cli-
matology [Johnson and McPhaden, 1999] and has been
smoothed with a 10-day half-width Hanning filter.

While it is not obvious from Plate 2, from 125° to 95°W,
salinities were high between the mixed layer and pycn-
ocline core in both hemispheres. Unlike in the central
Pacific, salinity decreases to the east here, so some of
this change could have been due to anomalous eastward
flow with the relaxation of the SEC, the appearance of
the EEC, and the strong NECC.

During the decay phase of the El Nifio and the transi-
tion to La Nifia in boreal spring 1998 conditions changed
again. The SEC became strong on both sides of the
equator across the basin (Plate 1), as expected during
La Nifa [Frankignoul et al., 1996]. The NECC weak-
ened, as is usual during this season, and, where present
at all, appeared very far north, as is usual after a strong
El Nifio [Taft and Kessler, 1991]. In March the pycno-
cline was still deep (Figure 1a), and the abrupt disap-
pearance of anomalous warm sea surface temperatures
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had not yet occured [McPhaden, 1999]. Thus, in the
March sections at 110° and 95°W the EUC was weak,
the surface water was fresh (Figure 2), probably because
of anomalously strong precipitation affecting the east-
ern equatorial Pacific at this time [McPhaden, 1999),
and anomalous salty water was again found between
the pycnocline and the mixed layer. The EUC was very
strong in the other sections occupied from April through
July after the return of easterly winds (Figure 1b), the
development of a shallow pycnocline in the east (Fig-
ure la), and the reestablishment of an eastward zonal
pressure gradient within the central Pacific pycnocline
(Figure 2). Consonant with the renewal of equatorward
geostrophic convergence, the equatorial salinity front in
the pycnocline sharpened again with the SPTW influ-
ence reduced north of the equator between 165°E and
155°W. While surface salinities remained fresh over-
all, a chimney of salty water extended to the surface
on the equator in this longitude range, clearly indicat-
ing resumed upwelling. The equatorial pycnostad was
significantly reduced at 95°W, similarly to the period
after the 1982-1983 El Nino [Hayes et al., 1987], and
the Subsurface Countercurrents (SCCs) [Rowe et al.,
2000; Johnson and Moore, 1997; Tsuchiya, 1975], both
north (NSCC) and south (SSCC), normally found on ei-
ther side of the pycnostad, all but disappeared at that
longitude.

Strong La Nina conditions prevailed in boreal fall
1998. The SEC, EUC, and associated equatorial salin-
ity front were stronger everywhere save 95°W (Plates
1 and 2), and the pycnocline shoaled significantly with
respect to the previous boreal fall. The NECC was also
generally strong. Uplifted isopycnal and isohalines were
again suggestive of equatorial upwelling, especially from
180° to 155°W, with dense salty water being drawn up
from below. Surface salinities increased toward normal
values at 180° and 170°W, probably from some combi-
nation of upwelling, horizontal advection, and reduced
precipitation. The earlier surface freshness appeared to
have mixed down into both branches of the SEC from
155° to 125°W, greatly reducing the salinity maximum
of the SPTW.

4. Zonal Volume Flux Variability

Large volume transport changes from mid-1996
through 1998 were revealed by a quantitative evalua-
tion of the time-varying zonal circulation in the upper
equatorial Pacific Ocean using the section data. Zonal
volume transports were estimated for two layers. The
upper layer extended from the surface to the pycno-
cline core at oy = 24.25 kg m~3, the regional average
buoyancy frequency maximum. This upper layer (Fig-
ure 3 and Table 1) captured most of the surface current
(SEC, NECC, and EEC) zonal transports and some-
times a small fraction of the EUC transport. The lower
layer contained water of 24.25 kg m™3 < oy < 26.5

kg m~3. The denser bounding isopycnal was near the
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Table 1. Seasonal Means and Standard Deviations of Layer Zonal

Current Volume Transports

Upper Layer Zonal Current Volume

Transports, 10 m? s

-1

Boreal Season SEC NECC & EEC EUC
Fall 1998 -38 + 20° 13+ 78 2+ 5°
Spring 1998  -22 4 5° — 6 + 6°
Fall 1997 -6 + 6° 42 + 13° —
Spring 1997 12 + 5¢ 46 + 15° —
Fall 1996 -34 + 17° 13 + 118 —

Lower Layer Zonal Current Volume
Transports, 10° m® s7!

Boreal Season  SEC NECC (& NSCC) EUC (& SCCs)
Fall 1998 -8+ 13° 5+ 4° 34+ 17°
Spring 1998  -13 £ 6° — 35 + 18°
Fall 1997 -11 + 4° 18 + 5°
Spring 1997 -9 + 6¢ 24 + 5°
Fall 1996 -15 + 14f 5+ 48 16 + §f

SEC, Southern Equatorial Current; NECC, North Equatorial Coun-
tercurrent; EEC, Eastward Equatorial Current; EUC, Equatorial Under-
current; NSCC, North Subsurface Countercurrent; and SCC, Subsurface

Countercurrents.
2180°-95°W.

b165°E-95°W, excluding 140° and 125°W from the southern branch

of the SEC.

€180°~125°W, combining NECC and EUC estimates.

4165°E, 155°W, and 110°W.

¢165°E-125°W, excluding 140°W.

f170°W-95°W.

£170°W-95°W, excluding 140°W.

h165°E-155°W, combining NECC and EUC estimates.

deep equatorial pycnostad associated with 13°C water.
* Transports in the lower layer (Figure 4 and Table 1)
captured the bulk of the EUC and some of the SCCs as
well as deep expressions of the surface currents (a frac-
tion of their near-surface flow). Layer transports were
again grouped into 6-month spring and fall intervals for
discussion. While there were often coherent patterns
across much of the basin in a given season, it is impor-
tant to remember that sets of synoptic sections occupied
over 6-month seasons are susceptible to aliasing over a
wide variety of timescales.

Reversals in layer-integrated transport defined the
meridional boundaries for currents. Net volume trans-
ports between these current boundaries are given at
each longitude (Figures 3 and 4). Seasonal summaries
of the transports (Table 1) included those sections that
appeared to sample fully the current in question but
excluded the 1997 eastern Pacific sections for reasons
given below. Also, during 1997 the absence of the
northern branch of the SEC precluded separation of
the NECC from the EEC in the upper layer and the
NECC from the EUC in the lower layer, so combined
transports for these currents were reported (Table 1).

Weak La Nifna conditions prevailed in boreal fall 1996.
Both branches of the SEC were strong, as was the
NECC from 170° to 125°W, where sections extended
far enough north to sample it (Figures 3a and 4a and
Table 1). The EUC was clearly evident in the lower
layer, with transports decreasing from 170° to 95°W.

The onset of El Nifio in boreal spring 1997 resulted
in dramatic volume transport changes (Figures 3b and
4b and Table 1). The northern branch of the SEC van-
ished, and the southern branch was weak where sam-
pled from 165°E to 110°W. Overall, SEC transport was
less than half the previous season’s value. Unexpect-
edly for boreal spring but characteristically for El Nino
[Taft and Kessler, 1991], the NECC was robust; a strong
EEC had also appeared (Plate 1). These currents com-
bined to give net eastward upper layer transport >40 x
108 m® s~!. The EUC weakened west of 140°W, con-
sistent with weakening or elimination of the equatorial
zonal pressure gradient in the pycnocline (Figure 2).
Sections from 140° to 95°W were occupied coincident
with the progression of a pair of equatorial Kelvin waves
(Figure la), so very large eastward velocities (Plate 1)
and lower layer transports (Figure 4b) were found about
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the equator. These conditions were transient and did
not reflect the EUC transport over seasonal timescales.
(Moored ADCP time series from the TAO array support
this statement.) The El Nifio was not yet underway
when the two easternmost sections were taken. Hence

JOHNSON ET AL.: EL NINO CURRENT AND SALINITY VARIABILITY

eastern Pacific sections were not included in this sea-
son’s transport estimates (Table 1).

The persistence of El Nifio into boreal fall 1997 was
reflected in the layer transports (Figures 3¢ and 4c and
Table 1). Again, only a weak southern branch of the
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Figure 4. As in Figure 3 but for zonal volume transport (10 m3 s~!) for the lower layer water

with 24.25 kg m ™3 < 05 < 26.5 kg m~3.
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SEC was evident between 180° and 140°W. As ex-
pected for the boreal fall, the NECC strengthened, but
the EEC was weaker (Plate 1). Their combined up-
per layer transport had similar size to the previous sea-
son (Table 1). The EUC was weak in the lower layer,
and the flow north of the southern branch of the SEC
was not uniformly eastward, summing to a small net
eastward transport between 180° and 125°W. The very
weak EUC (Plate 1) was doubtlessly related to the re-
markably flat pycnocline (Figure la) and weak or even
reversed zonal pressure gradient (Figure 2) at the time.
The eastern Pacific again differed from the rest of the
basin and was excluded from the transport estimates for
this season (Table 1). Transports in the east were excep-
tional because in July 1997, 1 month prior to when the
sections at 110°W and 95°W were taken, zonal equa-
torial winds were easterly across much of the Pacific
(Figure 1) and, so, nearer to normal than during the
rest of the El Nifio. Thus, in contrast to the rest of the
basin (Table 1), the NECC in the east carried 15 + 1 x
106 m3 s~ !, and the SEC carried -38 & 9 x10% m3 s71,
consistent with the near-normal wind conditions. In the
east the lower layer transport alternated sign from the
SSCC to the southern branch of the SEC to the EUC
to the northern branch of the SEC to the NSCC and
NECC. Net zonal transport integrated across these al-
ternating flows was not significantly different from zero.

The transition toward La Niha was evident in the
layer transports for boreal spring 1998 (Figures 3d and
4d and Table 1). The SEC was present consistently on
both sides of the equator between 165°E and 95°W. No
significant NECC transport was found in any of these
sections; its absence across the entire basin seems ex-
traordinary even for boreal spring. The EUC returned
and was robust between 165°E and 95°W, generally de-
creasing in transport from west to east. The EUC was
also evident in the upper layer across much of the basin.
In contrast to the previous two seasons, the section at
95°W reveals the same currents as those to the west,
but generally weaker.

A strong La Nifia was clearly indicated in the layer
transports (Figures 3e and 4e and Table 1) for boreal
fall 1998. The SEC was present in all the sections, and
its transport.nearly doubled compared to the previous
season. As expected for boreal fall, the NECC was ro-
bust. The EUC was quite strong but induced eastward
upper layer transport only at 170°W. Again, the sec-
tion at 95°W revealed weaker versions of currents to
the west.

These large volume transport changes reflected inter-
annual variability associated with the El Nino-La Nina
cycle. Summing estimates in both layers (Table 1),
westward transport in the SEC was as high as 49 +
22 x 10%® m® s™! in boreal fall 1996 and as low as 17
+ 7 x 10% m3 s7! in boreal fall 1997. Eastward trans-
port in the combined NECC, EEC, EUC, and SCCs
ranged from as low as 34 + 14 x 10® m® s~! in boreal
fall 1996 to as high as 70 + 16 x 10° m® s~! in the
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following season. Net transports integrated across the
low-latitude currents in both layers ranged from 15 +
26 x 10% m® s~! westward in boreal fall 1996 to 49 +
18 x 10% m® s~ eastward in the following season, a net
change roughly the size of a hypothetical reversal of the
Florida Current.

5. Zonal Transports and Warm-Water
Volume Changes

The large variability in equatorial upper ocean zonal
transports was related to regional volume changes of
near-equatorial warm water following Delcroiz et al.
[1992]. Salinity data are much scarcer than temper-
ature data in the upper equatorial ocean, so instead
of the previous isopycnal boundary separating upper
ocean water from that at depth, the 20°C isotherm was
used, following Kessler [1990]. The 5°S to 5°N inter-
val was characterized by current reversals and signifi-
cant thermocline depth variability and was sampled by
30 out of the 35 CTD/ADCP sections. Hence the vol-
ume of water above the 20°C isotherm between 5°S and
5°N was derived from TAO array data (extrapolating
to the boundaries using isotherm slopes between the
outermost buoy pairs at each end of the array). The
time series at each longitude were smoothed using a 25-
day half-width Hanning filter to reduce the influence of
tropical instability waves and other transients. The re-
sults were then integrated zonally in both directions to
obtain volumes of near-equatorial warm water to both
the east and the west of all longitudes.

Time derivatives of the near-equatorial warm-water
volumes to the west of any given longitude volumes re-
vealed the need for net transports that exceeded 50 x
10% m3 s~! on intraseasonal to interannual timescales
to balance the volume changes (Figure 5). The volume
budget contours and the observed values computed from
each section (Figure 5) showed a general correspondence
of measured zonal transports and total transports re-
quired from the volume budget to the west. The com-
parison was incomplete because meridional transports
across the bounding latitudes, volume exchange with
the Indian Ocean via the Indonesian Throughflow, and
diabatic transports across the bounding 20°C isotherm
were not taken into account. However, our aim was
not a complete mass balance (as considered by C. S.
Meinen and M. J. McPhaden (Warm water displace-
ments in the equatorial Pacific during 1993-1999, sub-
mitted to J. Phys. Oceanogr., 1999)) but an examina-
tion of one important aspect of ENSO variability: the
zonal redistribution of warm upper 6cean water along
the equator. In particular, we explored relationships be-
tween the CTD/ADCP section warm-water transports
and the temporal changes in warm-water volumes.

The CTD/ADCP transports and the warm-water vol-
ume budget to their west were compared directly in a
scatter plot (Figure 6). Their correlation coefficient was
0.73. Were each CTD/ADCP transport measurement
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1998

1997

1996

Longitude

Figure 5. Zonal transport (10 x 10 m® s~! intervals
where solid contours are positive, dashed contours are
negative, contours are thick at 50 x 10% m?® s~ inter-
vals, and darker shading is farther from zero) inferred by
the rate of change of volume integrated from the west-
ern boundary above 20°C from 5°S to 5°N filtered with
a 25-day half-width Hanning filter. Volume transports
over the same range (10 m? s~! in vertical bold face
type) for CTD/ADCP sections are given above their
longitudes and times (small solid rectangles).

independent, 30 degrees of freedom would result. How-
ever, the integral timescales and length scales estimated
from the warm-water volume budget (Figure 5) were 91
days and 60° longitude. Using the very conservative
estimate of 11 degrees of freedom for the 819 days and
100° longitude sampled, the correlation was still signif-
icant to 99%. An orthogonal least squares estimate of
the ratio of inferred to measured transports was 0.63 +
0.10 (Figure 6). The standard error was estimated by
the jackknife technique [Efron, 1982]. Restating this,
measured CTD/ADCP transports were approximately
1.6 times those inferred from the volume budget. This
result is somewhat different from Delcroiz et al. [1992],
who found a relation near unity. However, it should be
noted that they presented their results without an error
budget and integrated the observed transport measure-
ments rather than time differentiating the warm-water
volume to make their comparison.
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Our result has at least two possible explanations.
First, if the measured zonal transports balanced the
transports inferred from changes in volume of the warm
water but the synoptic CTD/ADCP transport esti-
mates contained considerable high-frequency noise, the
ratio of inferred to measured transports would be re-
duced from unity. For instance, if the CTD/ADCP
transports had normally distributed noise-to-signal ra-
tio of 0.92, this would lead to a correlation coefficient of
0.73 £ 0.09 and a ratio of 0.67 & 0.12, similar to the re-
sults above. However, given the general consistency of
the upper water zonal transports over 6-month periods
across much of the basin (Figure 3), it seems unlikely
that noise in the CTD/ADCP transport estimates was
large enough to be the sole cause of the low ratio.

A second explanation is suggested by considering
linear reduced gravity simulations forced by observed
winds [Zebiak, 1989]. In this model, upper ocean vol-
ume changes in warm water during all phases of an
ENSO cycle were opposed by meridional transports at
the western boundary but enhanced somewhat by in-
terior meridional transports. The result of this ten-
dency was that near-equatorial zonal warm-water vol-
ume transports in the model were greater than those
required to account for warm water volume changes,
especially in the western and central Pacific. To look
for this tendency, we estimated ratios and correlation
coefficients separately in the western, central, and east-
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Figure 6. Scatterplot of CTD/ADCP section equato-
rial warm-water transports (above 20°C from 5°S to
5°N) versus transports required to balance temporal
changes in the volume of the warm water over the same
range to the west of each section. The slope of the or-
thogonal least squares fit is 0.63 £+ 0.10 with a correla-
tion coefficient of 0.73. The legend shows which symbols
correspond to the western, eastern, and central Pacific.
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ern regions (Figure 6). The ratios increased from 0.43
+ 0.05 to 0.53 £+ 0.08 to 2.7 £+ 3.3, respectively, in
these regions. The correlation coefficients were 0.85,
0.94, and 0.59, which, assuming 5, 6, and 5 degrees of
freedom, were significant to 93%, 99%, and 71%, re-
spectively. The ratio of measured zonal transports to
those inferred from a warm-water budget to the west
increased tc the east, consistent with the model results.

Transports inferred from a volume budget integrated
westward from the eastern boundary (not shown) had
a more tenuous relation to measured transports. The
overall comparison gave a correlation coefficient of —0.04
and a ratio of —0.03 + 0.13, only a 9% probability of
significant correlation assuming 11 degrees of freedom.
Making separate fits to data in the western, central,
and eastern regions (not shown) again allowed some in-
sight, giving ratios of —0.70 £ 0.73, 0.08 & 0.08, and
0.50 £ 0.21, respectively. The correlation coefficients
were —0.41, 0.43, and 0.75, which, assuming 5, 6, and
5 degrees of freedom, are significant to 51%, 61%, and
86%, respectively. The relation in the easternmost re-
gion was the closest to being significant, with measured
transports roughly twice those inferred from the eastern
volume budget. As in the case of the volume budgets
integrated from the western boundary, this ratio im-
plies a significant meridional convergence or divergence
of warm water in the eastern Pacific tending to coun-
terbalance zonal volume transports during 1996-1998.

The thermocline undergoes an overall deepening while
its slope increases during La Nina and vice versa dur-
ing El Nifio [Jin, 1997]. The high correlation of mea-
sured transports with the volume budget to the west
and low correlation with the volume budget to the east
may have resulted from this pattern. Constructive in-
terference of depth and slope in the west would tend to
allow high correlations of zonal volume transports with
a western volume budget, while destructive interference
in the east would tend to reduce correlations with an
eastern volume budget. To test this hypothesis, varia-
tions of the mean thermocline depth were removed from
both volume budgets to explore the relation of changes
in the thermocline slope to the zonal equatorial warm-
water transport (not shown). The overall correlation
was near 0.67 for either direction of integration, and the
ratio of inferred to measured transports was reduced to
0.25 £ 0.05. The ratios and correlations for these bud-
gets were between the results for the overall eastern and
western budgets. This result supported the hypothesis
since removing one component of the thermocline vari-
ability should reduce the interference effects to both the
east and the west.

6. Discussion

Very large changes in upper ocean currents over in-
terannual and shorter timescales were revealed by the
CTD/ADCP sections and the moored measurements
from the TAO buoys. The section data provided a ge-
ographically broad, spatially high-resolution sampling
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of upper ocean currents during the most recent ENSO
cycle, a view unavailable for previous Los Nifios and
Las Nifas, for which shipboard data were much more
temporally and geographically limited. TAO buoy data
provided temporal continuity of basin-wide equatorial
wind and subsurface temperature fields. The disap-
pearance or near disappearance of the EUC was pre-
viously observed where data were available at individ-
ual longitudes during previous Los Nifios [Firing et al.,
1983; Halpern, 1987; McPhaden et al., 1990; Kessler
and McPhaden, 1995]. During the 1997-1998 El Nifio
the shipboard measurements showed that the EUC vir-
tually disappeared across much of the basin, associated
with the weakening or even the reversal of the equato-
rial zonal pressure gradient within the pycnocline. As
well, development of the EEC in response to westerly
wind bursts was observed over a greater longitude range
than in data from 1989 and 1990 [McPhaden et al.,
1992; Kuroda and McPhaden, 1993], and its disappear-
ance with La Niha was also documented. These and
other current changes, notably in the NECC and SEC,
result in very large changes in zonal mass transport, as
large as 64 & 32 x 10° m3 s~1 over 6 months.
Significant changes in the upper ocean thermohaline
fields were documented by the section data. During
boreal fall 1997 in the central Pacific the meridional
salinity gradient within the thermocline near the equa-
tor was about a third that in preceding and following
seasons. This reduction was consistent with the zonal
pressure gradient reversal and was larger than the 50%
reduction reported at 165°E during the 1986-1987 El
Nifio [Delcroiz et al., 1992]. Salinity decreased to 34.0
in November 1997 in the upper 100 m on the equator at
155°W, which was roughly 0.4 lower than the lowest sea
surface salinity measurements in the vicinity during the
1982-1983 El Nifio [Delcroiz and Hénin, 1991] and only
0.2 higher than the lowest values reported on the equa-
tor near 170°E in August 1997 [Delcroiz et al., 1998].
This remarkably thick fresh layer for the region [Ando
and McPhaden, 1997] was partially due to equatorial
downwelling through zonal and meridional convergence
and a southward excursion of near-surface fresh water
by anomalous southward Ekman drift, as seen during
westerly wind bursts in 1989-1990 [McPhaden et al.,
1992; Kuroda and McPhaden, 1993]. In the eastern
Pacific, anomalously salty water was found within the
thermocline early in this event, as in the 1982-1983 El
Nifio [Mangum et al., 1986], arguably the product of
strong eastward advection. In the same region a strong
near-surface halocline developed later in the event, sim-
ilar again to the 1982-1983 [Hayes et al., 1987] and the
1986-1987 events [McPhaden and Hayes, 1990].
Finally, equatorial zonal volume transports in the up-
per ocean were closely related to zonal shifts of warm-
water volume, especially in the western Pacific, a result
in rough accord with a similar budget for the water west
of 165°E during 1984-1988 [Delcroiz et al., 1992]. The
relationship between equatorial zonal upper ocean vol-
ume transport and volumetric changes to the east of the
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sections was less clear, with marginally significant corre-
lations found only for the eastern sections, in agreement
with an eastern Pacific mass budget during the 1982—
1983 El Nifio [Mangum et al., 1986]. The results from
comparisons of measured and inferred transports were
consistent with simple numerical [Zebiak, 1989] and con-
ceptual [Jin, 1997] models of the ENSO cycle.
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